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Abstract 

We report on the results to date for experiments on the evaporative chemical evolution of a 
CaSO,-rich water representative of Topopah Spring Tuff porewater from Yucca Mountain. Data 
include anion and cation analysis and qualitative mineral identification for a series of open 
system experiments, with and without crushed tuff present, conducted at sub-boiling 
temperatures. 
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Introduction 
The evaporative chemical evolution of near-field waters that might seep onto waste packages at 
the potential nuclear waste repository at Yucca Mountain is an important factor in assessing 
repository performance and safety. Of particular interest with respect to waste package corrosion 
are pH, concentrations of the anions (e.g., Cl, F, NO,, SO,), the oxygen potential (Eh), the nature 
of salts that may precipitate on the waste package surfaces, and the deliquescence point of those 
salts. The evaporative chemical evolution of near-field waters is also of concern in the 
assessment of potential radionuclide solubility and transport. With respect to these processes, 
the parameters pH, Eh, the concentration of specific metal-complexing anions, and total ionic 
strength are particularly important. 

The chemical composition of near-field waters that might seep into drifts containing waste 
packages is the subject of much discussion within the Yucca Mountain Project. This report 
focuses on the evaporative chemical evolution of synthetic pore water (SPW), a water 
representative of repository horizon (Topopah Spring Tuff) porewater, which has a CaSO,-rich 
composition (Sonnenthal, et al., 1998). 

This report has two main sections. The first is a presentation of pore water chemistry and a 
discussion of making SPW in the laboratory. The second is a description of the evaporation 
experiments we conducted with SPW. These experiments include open system experiments, 
with and without crushed tuff present, conducted at temperatures of 75-85OC. These experiments 
are meant to be representative of sub-boiling conditions in the repository, conditions which 
would likely exist both before and after the height of the thermal pulse caused by decaying 
radioactive waste. This is a status report on these experiments. No analysis or modeling is 
included in this report. 

SPW chemistry 

Origin of SP W model composition 

As noted by Sonnenthal et al. (199Q attempts to acquire pore water samples from the repository 
horizon at Yucca Mountain and analyze them in a useful way are on-going. This is a difficult 
undertaking fraught with pitfalls. The very act of acquiring the samples (e.g. ultracentrifugation, 
squeezing in a triaxial press) can alter the water composition. Even if a perfectly representative 
sample could be obtained, preserving the sample chemically intact prior to analyses by avoiding 
all possible alterations to the composition (e.g., equilibration with the atmosphere) is also 
difficult. 

Sonnenthal et al. (1998) evaluated the validity of reported pore water compositions using 
thermodynamic chemical speciation calculations. They concluded that for some elements the 
reported compositions seemed thermodynamically reasonable, whereas for others it seemed more 
reasonable to simply assume that the waters were in chemical equilibrium with specific minerals 
present in the rock. We decided to follow their approach and we used Table 11.1 in Sonnenthal 
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et al. (1998) as a starting point. We calculated a 25°C composition for Topopah Spring Tuff 
pore water at Yucca Mountain using the code EQ3/6 (Wolery, 1998). The results are shown in 
Table 1. 

Making synthetic SP W in the laboratory 

Making SPW in the laboratory is not as straightforward as it may appear. The measured mean 
composition of SPW is supersaturated with respect to the solubility of a number of minerals at 
25°C. These include many of the primary minerals in the tuff (e.g. quartz, albite, K-feldspar, 
cristobalite), as well as secondary minerals commonly found in the tuff (e.g. chalcedony, 
tridymite, kaolinite, illite, montmorillonite). 

Unfortunately, adding readily soluble sources of the various components of SPW (e.g., sodium 
metasilicate for Si) to distilled water in the laboratory will not result in a solution with the exact 
composition of SPW either. In order to add sufficient Si from that source, one also adds too 
much Na and increases the pH too much (the metasilicate solution has very high NaOH, 
precisely because Si is relatively insoluble). 

To make SPW for our experiments, we mixed a solution at room temperature, aiming for 
an approximate SPW composition based on Table 1, and stirred the solution for several 
days. The solution was then decanted to remove any undissolved reagents. The resulting 
solution was analyzed for the solutes of interest: C, Ca, Cl, F, K, Mg, N, Na, S, Si. The 
pH was also measured. The average composition of SPW used in our experiments is 
given in Table 2. Throughout this report, when we refer to SPW for a particular 
experiment, we use the actual composition for that specific experiment as determined by 
analysis, rather than the average reported in Table 2 or an estimate based on our SPW 
“recipe”. Note that the concentration data reported in tables are rounded to the nearest 
significant figure. However, for data retrieval purposes, in spreadsheet calculations and 
plotting of derived values, more than the number of significant figures are included in the 
calculation to minimize rounding errors. 

Laboratory Experiments 

Methodology 

The laboratory batch experiments with SPW conducted at LLNL in 1998- 1999 are 
completely analogous to those done earlier with J13 water (Rosenberg et al., 1999). 

In the first two experiments, 30 L of synthetic 513 water were evaporated down to approximately 
30 mL of solution. In all experiments, actual concentration factors were estimated by mass 
measurements. We estimate that these concentration factors are accurate to approximately 10%. 
The SPW solution was pumped into a 1 L Pyrex beaker at a constant rate using a peristaltic pump 
while the sample evaporatively concentrated at 85°C with a hot plate as the heat source. The 
fluid delivery rate and heat flux were balanced to maintain constant temperature in the fluid 
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contained within the beaker. Note that the temperature and heat flux used in these experiments 
are not intended to mimic exactly any one particular repository scenario. However, the 
assemblage of mineral phases that result from the evaporation of this fluid is primarily controlled 
by precipitation kinetics at these temperatures, and therefore we expect the minerals assemblages 
we observe to be representative of repository conditions in general. 

In the first experiment (evap3), detailed water chemistry measurements were made on the 
starting fluid (3 separate batches) and on a sample collected from the beaker after approximately 
evaporative concentration. A small split of the solids that had precipitated were also removed at 
this point for mineralogical analysis. The solution was then evaporated completely to dryness 
and another small split of the solids was again removed for mineralogical analysis. The salts 
were then rewet with 200 mL of deionized water, evaporatively concentrated down to 100 mL at 
75” C and the resulting solution was collected for detailed water chemistry analysis. The actual 
temperature and volumes used in the rewetting were not intended to represent any particular 
repository-specific scenario. Rather, they simply provide an empiric, if arbitrary, estimate of the 
effect of rewetting dry salts resulting from the complete evaporation of the SPW. This 
experiment was designed to investigate the evolving fluid chemistry and mineralogy as pore 
water-like water is evaporatively concentrated and various minerals precipitate from solution as 
the fluid becomes supersaturated with respect to their solubility. In total, two aqueous samples 
and two solid samples were analyzed from this experiment, in addition to the starting fluid. 

In a second experiment (evapb), the experimental protocol was nearly identical to the first 
experiment (evap3) with the exception that the beaker contained 10 g of crushed Topopah Spring 
Tuff (Yucca Mountain Site Characterization Project Sample Management Facility Specimen ID 
#00521699). The grains were prepared by sieving the originally ~2 mm sample to >0.5 mm in 
order to remove the fine fraction. The sized material was then washed three times in isopropanol, 
and the grains allowed to settle before decanting to remove adhering fine particles, and allowed 
to air dry. In this experiment we investigated the effect of the presence of tuff on the evolving 
fluid chemistry and mineralogy. This experiment also produced two aqueous samples and two 
solid samples for analysis, in addition to the starting fluid. 

We measured the pH of the rewet samples for both the evap3 and evap6 experiments. Because 
solution pH is a key parameter, we conducted a third experiment (evap5) designed to focus on 
the short term evolution of pH. Carbonate measurements are also reported for this experiment. 
In addition, we sampled the fluid twice, at the start of the run and at the end, for complete 
chemical analysis. 

The aqueous samples for cation and anion analyses were collected in plastic syringes. The 
aliquots were filtered through a 0.45 pm filter ahead of a syringe that had been preloaded with 
deionized water. The fluid for cation analysis was then delivered into a plastic sample tube, 
further diluted with water and spiked with a concentrated acid solution. The total dilution was 
approximately 10 to 15-fold in the sample submitted for cation analysis. The anion aliquot was 
collected in a similar manner (i.e., prefiltered and diluted with deionized water). However, the 
anion sample syringe was emptied into a glass sample vial. A small split of the anion sample was 
directly injected into an infared CO, analyzer in the Geochemistry Laboratory, Building 28 1 at 
LLNL, to determine total CO,. 
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The following chemical analyses were performed: 

l anions in solution 
l cations in solution 
l pH of solution 
l minerals present in solids (qualitative). 

The procedures for each of these analyses are briefly described below: 

Two methods were used for anion analyses. The anions Cl, F, SO4 and NO, were determined 
using ion chromatography (IC). The analytical protocol used also allows detection and 
quantification of several other anion analytes, but these four anions were the only ones (other 
than the carbonate species) present in these solutions. The sample aliquots had to be diluted 
considerably, owing to the low detection limits for this method. The carbonate anions were 
determined as total CO, using an infrared CO, analyzer and reported as HCO,-. 

The cation (Na, K, Ca, Mg and Si) concentrations were determined using inductively-coupled 
plasma emission spectrometry (ICP). These sample aliquots were also diluted considerably. 

The pH measurements were accomplished by sampling into a plastic syringe and delivering the 
fluid, at approximately room temperature, gently into a plastic tube containing a calibrated 
combination pH electrode. The solution pH was determined using the NBS standard procedure. 
Note that the operational definition of measured pH (Bates, 1964) is intended to provide a 
convenient, reproducible method to measure pH potentiometrically in low ionic strength 
solutions using a cell consisting of a glass H’ electrode and a reference electrode with a liquid 
junction. Strictly speaking, this limits pH measurement to solutions with less than 0.1 molal 
ionic strength (see Knauss et al., 1990, 199 1 for further discussion), although useful 
measurement can be made up to seawater ionic strength, -0.7 molal, with a little effort. For a 
water with the approximate ionic strength of SPW, this limits measurement to something less 
than a 1 OO-fold concentration factor. In effect, this means that the measurement of pH in the 
starting solutions and throughout the evap4 experiment are accurate, but those made for the 
rewet samples of the evapl and evap 2 runs are only approximations. We did not attempt to 
make a quantitative measurement of the pH of the most highly concentrated samples, because the 
ionic strengths of those samples would exceed that specified by the NBS operational definition 
of measured pH. In the future if accurate assessment of H’ activity is required, other methods 
outlined in the cited references will be required. 

The solids acquired during the these experiments (evap3 and evap6) were analyzed using 
standard X-ray diffraction (XRD) methods. The primary purpose of the measurement was to 
identify the phases produced, so no quantification was attempted. Note that phases present in 
small amounts (a few percent) may not be detected with this approach. The total mass of solids 
produced was also determined. 



Results 

The results of these experiments are shown in Tables 3 -9. 

Discussion, Modeling and Conclusions 
This project was terminated before this work could be completed. 
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Table 1. Modeled composition of SPW at 25°C 

Ions mg/L 
H’ 5.6 
Na’ 9. 
K’ .Ol 
Mg” 12 
Ca++ 65 
Al+++ 1.3 
SiWaq) 46 
HC03- 66 
soi- 79 
Cl- 77 
NO; 12 
F- 2 

** 
* 

** 
* 
* 

** 
* 
* 
* 
* 
* 

*** 

* = taken directly from Sonnenthal et al. (1998), Table 11.1 
** = calculated using constraints suggested in Sonnenthal et al. (1998), Table 11.1 
*** = not in Sonnenthal et al. (1998) composition 

Table 2. Chemistry of average SPW used in the present study 

Ions 
PH 
Na’ 
K’ 
Mg” 
Ca++ 
SW4 
HCO,- 
so,- 
Cl- 
NO,- 
F- 

w&g 
7.55kO.12 
8.5650.32 
4.OOkO.27 
11.8kO.20 
57.3k1.8 
10.4kO.96 
20.3k4.3 
83.9k1.9 
76.6k1.3 
10.7kO.29 
2.16kO.09 



Table 3. Water chemistry from experiment with SPW alone 

SPW Concentration Concentration 
(ev3) Factor: 1243x ratio 

rewet Concentration 
ratio 

* Estimate only using pH paper, which is semi-quantitative at best 
** Sample accidentally spiked with HNO, after pH measurement 

Table 4. Water chemistry from experiment with SPW with tuff 

SPW (evap6) Concentration Concentration rewet Concentration 
Factor: 564x ratio ratio 
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Table 5. pH and carbonate evolution from short-term experiment with SPW alone 

Table 6. Water chemistry from short-term experiment with SPW water alone 

SPW 
(wad) 

Concentration Concentration 
Factor: 62x Ratio 
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Table 7. Mineralogical results from experiment with SPW alone 

evap3 - 1243x evan3 - complete evaporation 

gypsum (CaSO,:2H,O) gypsum (CaSO,:2H,O) 
tachyihydrite (CaMg,Cl,O,,: 12H,O) 

Table 8. Mineralogical results from experiment with SPW with tuff 

evan6 - 564x* evap6 - complete evaporation* 

gypsum (CaSO,:2H,O) 
halite (NaCl) 

gypsum (CaSO,:2H,O) 
halite (NaCl) 
Mg-smectite (Na,,(Al,Mg),Si,O,,(OH),) 
Kenyaite? (NaSi,,O,,,,(OH) ,:3 H,O) 

*Only the minerals produced by evaporation and not present in the starting tuff are 
reported here. The tuff used is made up of: crystobalite (alpha), Kfeldspar, albite, 
anorthite, quartz (Bish et al., 198 1). 

Table 9. Mass of minerals formed in experiments with SPW* 

SPW alone (evap3) 
SPW with tuff (evap6) 

11 g 
1% 

* Some of the minerals formed in these experiments were hygroscopic, making it 
impossible to obtain very accurate mass measurements. 
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